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Introduction
Cocoyam (Xanthosoma sagittifolium (L.) Schott) is a plant typically grown in tropical climates, whose origin is Central America [1] . In the world, the regions with the highest productions and crop areas of this plant are mainly located in West Africa (Nigeria and Ghana), Asia (China) and Oceania [2, 3] . In Colombia, this plant does not have large crop areas, and the uses are mostly directed to feeding (200 tonnes per year directed for this use). Just a small portion of the production is directed to human food, sales and agroindustry (20 tonnes per year) [4] . However, the leaves and the stem of the plant are the most used parts, while the tuber is generally discarded. This tuber has around 15 and 39 percent of carbohydrates, 2-3 percent of protein and 70-77 percent of water. This composition gives great potential to these roots, as they can be used to obtain starches or starch-based compounds (glucose, plasticizers, etc.) as value added product [5] . The average starch content of cocoyam is about 25% w/w [1] , which is a high value compared to other starchy feedstocks as potatoes (15%) [6] and yucca (18%) [7] .
Regarding ethanol, the progressive depletion of energy resources which are mainly based on nonrenewable fuels and the changes that the world is facing and the atmospheric pollution as consequences of the combustion of oil-derived fuels has directed the research aim into renewable sources of energy [8] . Colombian government has defined the use of bioethanol as a gasoline enhancer to reduce greenhouse gases, gasoline imports, and to boost the rural economy [9] . Ethanol is emerging as one of the most promising alternate energy sources due to its clean burning nature and no detectable emissions of pollutant gases as CO or NOx [10] . Ethanol can be produced from lignocellulose-and starch-derived glucose. For starch-derived glucose, one of the most crucial problems is the competition for natural and agricultural resources with food and food-related use and threatening food security [11] .
Some experimental work was undertaken to assess the potential of cocoyam. The initial step was the obtainment of starch and enzymatic hydrolysis to convert the starch into sugars [12] . The experimental data obtained, process conditions and fermentation yield were used to simulate the production process with the software Aspen Plus (Aspen Technology, USA), and the economic package of the software was used for the economic assessment. The environmental assessment of the process was carried out using the software WAR GUI (Chemical Process Simulation for Waste Reduction) [13] .
Referring to process design and biomass utilization, specifically for Colombian biomass, regardless of the production scale, the most important aspect is to ensure two concepts. The first concept is that biomass must be cheap, available and accessible. The second concept is that the process must be as efficient as possible, especially because Colombia cannot focus only on determining which raw materials are available to convert into a given product. The focus must ensure that the most advanced concepts are applied at the design and processing stage to every raw material to ensure efficient processes that direct to more sustainable processes. For this reason, thermodynamic-topological analysis was used for the design of the purification stage of the produced ethanol.
The obtained yields in the experimental stage and the results of the techno-economic and environmental assessment showed that cocoyam can be a feasible feedstock for ethanol production. Compared to other starchy feedstocks, cocoyam is not used as human food; hence, the proposed process will not threat food security [14] [15] [16] .
Methodology

Experimental
Cocoyam obtainment
Previous to the simple collection process and in order to identify the correct plant to be collected, it was necessary to do a disambiguation between two species that are known in Colombia as "cocoyam". It is important to clarify that this differentiation is done considering that the consulted literature recognizes as cocoyam: Xanthosoma sagittifolium [17] and Alocasia macrorrhiza [18] . It was determined that the specie Xanthosoma sagittifolium corresponds to the plant found in Colombia, and hence the collection was performed.
Starch content determination
The quantitative determination was performed following the sulfuric acid-phenol method [19, 20] . This method has two stages. The first one consisted in the conversion of starch to hydroxymethyl furfural (HMF) in an acidic medium. The second stage is the reaction of HMF with phenol producing a green solution with a maximum absorbance at 490 nm. The concentration of starch is determined with a pattern curve in a spectrophotometer.
Starch enzymatic hydrolysis
The selected starch samples were used to obtain a sugar-rich mixture. Hence, enzymatic hydrolysis was performed using α-amylase (Liquozyme L 240 KNU/g Novozyme®) and amyloglucosidase (Spirizyme Fuel 750 AUG/g Novozyme®) enzymes. The sample was solubilized with water to a concentration of 67 grams per liter. This solution was gelatinized at 71°C for 30 minutes in order to solubilize the starch. The primary and secondary enzymatic liquefactions were performed. Both enzymes were used at their maximum load (0.01-0.2% w/w for Liquozyme L and 0.046-0.066% w/w for Spirizyme Fuel) [21].
Ethanol fermentation and product characterization
Ethanol was produced via fermentation with Saccharomyces cerevisiae at 32ºC with a fermentation volume of 60 mL. The pH was between 3.8 and 4.5, and the fermentation was carried out for 48 hours. Glucose and ethanol were quantified using High Performance Liquid Chromatography (HPLC) LC2010 Shimadzu.
Application of thermodynamic-topological analysis
The analysis of the statics and hence the application of thermodynamic-topological analysis in the distillation allows selecting the limiting stable states, which represent the maximum conversion and selectivity [22] . This methodology can be applied for different distillation schemes such as conventional distillation, distillation trains with pressure swing, azeotropic distillation, extractive distillation, reactive distillation, distillation with pervaporation and reactive extraction [23] . It has been specially applied to reactive distillation, because the main advantage of simultaneous reaction-separation processes is the possibility of increasing the reaction rate and delaying the generation of undesired products [24] .
The application of thermodynamic-topological analysis consists in the application of a series of steps, in which the thermodynamic behavior of the mixture is visualized using ternary or quaternary diagrams. In general terms, it consists first in determining the boiling points of the compounds, selecting a thermodynamic model that describes correctly the vapor and liquid phases of the mixture, identifying the presence of azeotropes and liquid-liquid equilibria, graphing the ternary/quaternary diagrams and locating the respective azeotropes and liquid-liquid equilibria if any. Then, the separation regions (or concentration simplex) are identified with the residue curves and the distillation trajectories. Finally, once this graph is built, it is possible to establish the possible separation scheme, the composition of the phases that are separated and so on. Now, these steps will be developed in the following sections.
Simulation procedure
The objective of the simulation is to generate the mass and energy balances of the process. With this information, it is possible to calculate the requirements of raw materials, utilities and energy. The main simulation tool used is the commercial software Aspen Plus (Aspen Technology, Inc., EE.UU.). For the description of the properties and behavior of the compounds, it was chosen to use an activity coefficients model (Non-Random TwoLiquid (NRTL)) to describe the liquid phase and an equation of state (Hayden-O'Conell) for the vapor phase.
Process description
The production of ethanol using cocoyam tuber can be described as a five-stage process: raw material pretreatment, hydrolysis, fermentation, separation and dehydration. The process flow diagram is shown in Figure 1 . In the pretreatment and hydrolysis section the tuber is converted into fermentable sugars. Considering the high concentration of glucose in the substrate stream and the achieved experimental yields, the concentration of ethanol in the fermentation exceeded the product inhibition limit of the microorganism (11-12% v/v of ethanol) [25, 26] . To avoid this inhibition, extractive fermentation using n-dodecanol as a solvent is proposed based on the research previously done by Gutierrez et al. [27] . The fermentation broth is mixed with n-dodecanol. Then, after filtering the biomass, the outlet stream enters into a decanter, in which the organic phase has a higher concentration of ethanol. The organic phase enters into an evaporator to recover the solvent, which is recycled. The aqueous phase enters the purification step in a distillation column, in which ethanol is concentrated up to 50% wt. Then, the distillate is mixed with the organic phase and enters the rectification column, in which ethanol is concentrated approximately to the azeotropic point (close to 96% wt). Finally, ethanol is dehydrated until 99.6% wt in a molecular sieve. The process flow diagram for the process described above is shown in Figure 1 . In the reaction section ethanolic fermentation with Saccharomyces cerevisiae takes place, and in separation and dehydration stages the ethanol is purified. Initially, the cocoyam is taken to a mill crusher, and then it is mixed with water for the gelatinization process, which is performed at 85°C. Then enzymatic hydrolysis is performed (primary and secondary liquefaction) at 70°C, and solids are separated using a rotatory drum filter. After this stage a sugar reach stream is obtained.
Most part of the water is evaporated and recirculated to the solubilization stage. Then, this stream is fed to a reactor with the biomass in order to produce the ethanol via ethanolic fermentation with S. cerevisiae at 30°C. In the separation and dehydration stage the ethanol is first passed through a distillation column, in which it is purified approximately to 60% w/w, then the rectification column purifies the ethanol up to the azeotropic composition, which is approximately 95% w/w, and a 4A molecular sieve with pore size of 4 Å purifies the ethanol up to 99.6% w/w.
Economic assessment
Capital and operation costs were calculated using the Aspen Process Economic Analyzer v8.2 (Aspen Technologies, Inc., EE.UU.) [28] . Specific parameters such as raw materials cost, internal revenue rate (33%), annual interest rate (17%), working salaries, among others, regarding the Colombian economic conditions, were incorporated in the simulation in order to calculate the unitary production of the ethanol [29, 30] . This analysis is calculated in USD for a period of 10 years. Capital depreciation is calculated using the straight-line method. Based on the obtained results, corresponding cash flows are generated and the profitability analysis is performed. Additionally, it is possible to generate reports of the associated costs of the project and design details [31] . Table 1 presents the raw materials and utilities costs used in the economic assessment.
Environmental assessment
The Waste Reduction Algorithm of the Environmental Protection Agency of the EE.UU. (EPA) was used as the method to calculate the environmental impact potential (PEI). The PEI for a given amount of mass or energy can be defined as the effect that such element has over the environment as if there were an arbitrary discharge [33, 34] . The environmental (Figure 3) . After the recollection, it was necessary to wash and peel the tuber in order to remove all the dirt and the husk. Then the samples were wet grinded, and the resulting mass was immediately used. The remaining material was frozen and stored at -20 °C. 
Starch content determination
Based on the aforementioned procedure, the starch content of the tuber was determined. The assays were performed by triplicate. The obtained value was 0.22±0.017 grams of starch per gram of sample. This value is considerably similar to the one reported in literature (0.25). This information is very significant given that these plants are a potential source of starchy raw material for the obtainment of fermentable sugars. However, further analysis regarding the composition of these parts of the plant is necessary, because as the tuber becomes stem, the starch content decreases, and lignocellulosic content increases, hence requiring different processes and approaches that the one of this research.
Starch enzymatic hydrolysis
Considering that the only certain sample that had its major content of starch was the one directly taken from the tuber, it was the only one taken to the enzymatic hydrolysis stage. As it was previously mentioned, current use of cocoyam is not directed to the obtainment of fermentable sugars, hence there was no reported yields in literature to compare with obtained results. Due to this, a sample of a common starchy tuber (yucca -Manihot esculenta) was also hydrolyzed. The determination of the obtained sugar was performed with the procedure described in section 2.1.4. Table 2 shows the obtained results.
These results corroborate the potential that cocoyam has for the obtainment of fermentable sugars, compared to other common starchy tubers as yucca. 
3.2.Application of thermodynamic-topological analysis
The following step is to perform and analyze the equilibrium diagrams for the ternary mixtures. The ternary diagram is focused on showing the presence of liquid-liquid equilibrium and ternary azeotropes, if any. Figure 4 shows the respective ternary diagrams, and there are no ternary azeotropes in any of the cases. The liquid-liquid dome in both cases has a very favorable tendency, and it is very close to the right side of the triangle, implicating that the concentration of water is very high, without further presence of the solvent. The next step is to graph the residue curves map for each of the ternary mixtures. A residue curve shows the change in the composition of a mixture during continuous evaporation at the vapor-liquid equilibrium. Figure 5 shows the residue curves for the water-ethanol-dodecanol mixture. The residue curves start from the water-ethanol binary azeotrope (minimum temperature azeotrope). The intermediate boiling components in this case are the water and the ethanol, and the high boiling component is the dodecanol. This behavior implies that it is possible to obtain the dodecanol pure, but the water and the ethanol require a type of process different to conventional evaporation methods (as distillation) to obtain them pure. In this specific case, there is only one concentration region corresponding to all the interior of the triangle. This is because all the residue curves have the same tendency, the same low boiling compound and high boiling compound.
Fig. 4. Ternary diagrams of the main components at 1 atm
After performing all the previous analysis, the next step is to apply specifically the thermodynamictopological analysis to the chosen equipment to determine certain design variables. This application will be performed in the following sections to the extractive fermentation and the distillation and rectification columns.
Extractive fermentation
Based on the previous analysis, it is now possible to apply the thermodynamic-topological analysis to determine certain specific variables of each process. The most important variable to be determined for this stage is the required amount of solvent. For this, it is necessary to determine the operation range, which is limited in this case by two conditions: the maximum substrate solubility and the ethanol inhibition concentration. Therefore, the ethanol in the aqueous phase must be below the inhibitory concentration (approximately 18% wt), and the substrate initial concentration must be below the solubility limit.
The idea of the addition of the solvent is to remove the most amount of ethanol and that the organic phase has a higher concentration of ethanol than the initial concentration, so that after the recovery of the solvent, the concentration of ethanol is higher. The objective of the extraction solvent is to obtain an organic phase with an ethanol concentration higher than that of the fermentation. Based on this, the chosen flow of solvent is 1 kmol/h, which is a value that allows obtaining approximately an ethanol mole fraction of 0.26 and a flow of 0.65 kmol/h, which is more than 60% of the ethanol produced in the fermentation.
Distillation and rectification column
The other two apparatuses chosen to be designed with topological thermodynamic analysis are the distillation and the rectification columns (both distillation columns). In terms of procedure, the application of thermodynamic-topological analysis is the same, but the specific components and concentrations of the columns differ from each other. The design variables to be determined for this equipment are: composition of the distillate and bottoms, flows of distillate and bottoms, profile composition inside the column and feed stage.
For the distillation column, which processes the aqueous phase that goes out of the decanter, the components with higher concentration are water, ethanol, dodecanol and glucose. The first element is the composition of the feed that enters into the column. The mole fraction of the feed is 0.93, 0.069 and 0.001 for water, ethanol and dodecanol, respectively. It can be observed that the composition of the feed is almost on the side of the triangle that represents a binary waterethanol mixture. Therefore, as dodecanol composition can be almost negligible, the two components that will be aimed to be purified are water and ethanol. In this case, the used number of stages is 20, given that the typical values for distillation columns of ethanol are between 18-25 stages [37] . Finally, the last variable that can be determined is the feed stage, a decision that is based on the composition of the feed and the profile composition. This stage corresponds to the segment that crosses the point at which the feed is located, which in this case is the stage 13. This is all the topological thermodynamic analysis corresponding for the distillation column.
The following step is to perform the same strategy and analysis performed in the previous section for the distillation column, but now for the specific conditions and compositions of the rectification. For the rectification column, which processes the distillate of the distillation column mixed with the organic phase once the solvent is recovered, the components with higher concentration are water, ethanol and dodecanol. The mole fraction of the feed stream is 0.632, 0.333 and 0.035 for water, ethanol and dodecanol, respectively. The number of stages fixed was 30 given that the typical values for rectification columns of ethanol are between 25-30 stages [37] . Finally, the last variable that can be determined is the feed stage, which in this case is the stage 15.
Simulation procedure
The simulation of the process was used to generate mass and energy balances, which are the main inputs to develop economic and environmental assessments. Table  3 shows the results obtained for the stipulated production capacity and the respective yield. Considering that this process is not currently analyzed using cocoyam as feedstock it was not possible to find data in the literature to compare the obtained yield. However, other starch feedstock as yucca obtained yields between 0.2 and 0.4 according to [21, 38, 39] . Compared to that value, the yield obtained in this study is lower, but this can be explained due to the fact that in such references the initial glucose concentration varies between 200-350 grams per liter, and in this study this value was approximately 120 grams per liter. In addition, this process does not intend to do any type of complementary concentration of the starch hydrolyzate, but to use as it was produced.
Furthermore, regarding another important aspect of the production process, the required crop area can be calculated based on the study performed by Gómez and Acero Duarte [4] , where it is recommended that the spacing between plants must be of 1 × 1 meters hence giving a crop yield of approximately 10.000 plants per hectare. The results of the required area are shown in Table 4 . The calculated value shows approximately 29 hectares per month, which represents an annual planted area about 320 hectares. As it was aforementioned, there are no technified cocoyam crops in Colombia. This value is considerably low compared to the planted area of yucca for industrial use, which exceed 12400 hectares [40] . Additionally, it is important to clarify that such planted area does not require to be simultaneously planted and grown at the same time, which lowers even more the required planted area.
Economic assessment
After the economic assessment of the process a sales price of 1.6 dollars per kilogram of the product was obtained. This price is higher than the actual commercial sales price of fuel ethanol which is 0.86 USD per kilogram [41] . This value can be explained due to the fact that this simulated process is in a preliminary stage. Hence, any level of integration has been applied (mass and energy integrations, among others), and those could diminish utilities and operation costs, which are the highest costs associated to this process, as it can be seen in Figure 6 .
The total capital cost of the project of 0.11 million dollars with 54 and 35 percent representing the operational and utilities costs, respectively. Utilities cost can be explained due to the use of distillation and rectification columns which have high energy demands both in the reboiler and the condenser that must be supplied by the selected utilities. Regarding operational cost, a considerable high amount of water is constantly being recirculated within the process for the pretreatment stage hence generating higher work demands to be supplied by the pumps. Figure 7 presents the environmental assessment of the process. Eight impact categories are presented, among which the highest category that affects the environmental impact potential is the AP (acidification potential) and in a lower proportion the GWP (global warming potential). The rest of the categories can be considered as negligible. Both impacts can be explained due to the carbon dioxide that is generated in the fermentation and directly discharged on the atmosphere. Carbon dioxide is the primary greenhouse emitted through human activity and it warms the Earth by absorbing energy and slowing the rate at which the energy escapes to space; it acts as an insulating agent to the Earth [42] . Besides, this compound can also generate carbonic acid in the presence of water vapor which creates acid rain that acidifies both soil and water effluents. However, it is important to mention that the total PEI is still a low value, implying that this process has not considerable environmental impacts.
Environmental assessment
Conclusions
The technical, economic and environmental preliminary analysis performed to the production process using cocoyam as feedstock demonstrated that this raw material has certain potential to be used as ethanol producing feedstock. It is necessary to perform further research in terms of the technification of the crop to consider other important variables such as production scale and crop costs. However, despite of the small difference of the calculated sales prices compared to the commercial sales price, the low environmental impact is an excellent incentive that shows that with further research this process can become a feasible alternative for the production of ethanol. Additionally, and even more important, this first-generation starchy raw material is not currently used neither for industrial applications nor as human food. Therefore, its use as raw material would not affect food security and presents a whole new opportunity for the production of biofuels. Furthermore, cocoyam can still be used for its current industrial use given that leaves remain intact from the production process, and the stem could be further analyzed to know its potential use, which will turn into an integral utilization of the plant. Regarding the design stage, thermodynamic-topological analysis proved to be a very useful tool that allows determining the most significant design variables of distillation and extractive fermentation processes with an easy-of-use graphical method.
